Mount Elgon bat virus killed mice up to 13 days of age when given intranasally. Virus reached the brain of these mice via the olfactory nerve route without obvious multiplication in any tissues other than the nasal mucosa of 1-to 6-day-old mice and in the absence of viraemia or circulating virus neutralizing antibody. Large amounts of interferon were, however, synthesized in brain where virus grew to high titres. In mice older than 13 days virus did not multiply in brain but it reached the olfactory bulbs and persisted until virus neutralizing antibody appeared in the nasopharynx. No antibody was detected in blood of the resistant mice, nor was interferon detected in their brains or nasal mucosa. Immunosuppression of the resistant mice with cyclophosphamide resulted in moderate virus growth in mid-and hind-brain accompanied by interferon synthesis and death of the mice. The local immune response prevented invasion of mid-and hind-brain in the resistant mice.
INTRODUCTION
Mount Elgon bat virus was isolated from the salivary glands of a bat, Rhinolophus hildebrantii eloquens, captured on the slopes of Mount Elgon (Metselaar et al. I969) . The agent was ether sensitive and had rhabdovirus morphology but was unrelated antigenically to other members of the rhabdovirus family (Metselaar et al. 1969; Murphy et al. I97O) . The infections by some rhabdoviruses are well established (Falk & Rowe, 1965; Bhatt & Rodrigues, 1967; Bruno-Lobo et al. ~968; Murphy et al. I973 a, b) . At one extreme are vesicular stomatitis (VSV; and Chandipura (Bhatt & Rodrigues, I967) , which infect mesodermal tissues and induce viraemia and in natural hosts are seldom fatal (Bhatt & Rodrigues, I967; Howatson, I97o) . At the other extreme is the neurotropism seen in infections by rabies and related viruses (Shope et al. I97O; Murphy et al. I973 a, b; Murphy, 1974; Murphy& Bauer, I974; Murphy, I977) in which host defence mechanisms seldom prevent the fatal disease. Some of the more interesting studies to evaluate this aspect of rabies virus infection have recently been reviewed by Murphy (I977) . The present report describes the invasion of mouse brain by Mount Elgon bat virus given intranasaUy and the role of host defence mechanisms in this invasion.
London School of Hygiene and Tropical Medicine, London. The virus was grown once more in brains of suckling mice (Patel, I978). Semliki Forest virus (SFV) from chick cell culture was kindly provided by Dr G. S. Turner of the Lister Institute of Preventive Medicine, Elstree, Hefts., and was grown once more in brains of 2-to 4-day-old mice. Mice were inoculated intracerebrally with Ioo p.f.u., killed when moribund and their brains homogenized to obtain a lO% (w/v) suspension in 0. 5 % Difco gelatine in Dulbecco's complete saline, pH 7"3-The suspension was clarified by low speed centrifugation and stored in small volumes at -70 °C.
Quantal titrations. Serial tenfold dilutions of virus stock, made in ice-cold gelatine saline were each tested in 5 or 6 mice of either sex; each mouse was given o'oo5 ml on the left nostril. Mice older than I5 days were lightly anaesthetized with ether for inoculation. The number of mice dying between 4 and 40 days after inoculation were recorded and the median lethal doses (LDs0) calculated by the Spearman-K~irber method (Dougherty, I964) .
Preparation of tissues for assay of infectivity, virus neutralizing antibody and interferon.
Usually four mice of either sex were killed daily after virus inoculation and their tissues removed, disrupted by homogenization and suspended in ice-cold gelatine saline. To assess infection in nasal mucosa, the whole region rostral to the cribriform plate was prepared as a 5 % (w/v) suspension after removing skin. Olfactory bulbs were prepared as 1% (w/v) suspensions and all the other tissues as lO% (w/v) suspensions. With the exception of brain and blood, tissues were frozen and thawed twice before clarification by low speed centrifugation and storage at -70 °C. Titrations for virus infectivity in each of the tissues from a mouse were made by counts of plaques demonstrated by intrinsic interference assay in monolayers of chick cells (Patel, I978). Preliminary tests showed no significant loss (< 0. 5 logs) in infectivity when virus stock were diluted tenfold in lO % (w/v) suspensions of a variety of tissues from normal suckling or adult mice, and titrated after similar treatment and storage. For interferon and virus neutralizing antibody, corresponding tissue suspensions were pooled according to sex.
Assay of virus neutralizing antibody.
Virus neutralizing antibody in sera and nasal mucosa plus scrapings of throat and palate were titrated as described by Patel (I978). The dilution of test material neutralizing 5o0/o of approx. Ioo p.f.u, of Mount Elgon bat virus in 2 h at 37 °C was estimated from the plot of per cent neutralization against dilution.
Assay of interferon.
Interferon was estimated by plaque count reduction of SFV in mouse embryo fibroblasts (Gifford, I963). Interferon activity was determined by reference to a standard interferon preparation kindly provided by Dr C. J. Bradish of the Microbiological Research Establishment, Porton, Salisbury.
Immunofluorescence microscopy. To identify infected cells, frozen sections, 8/zm thick, were fixed in acetone at room temperature for Io rain, dried and treated with mouse antivirus ascites fluid for 30 rain at 37 °C, washed in phosphate buffered saline, pH 7"2 (PBS A, Oxoid Ltd., Basingstoke, Hants.), and then treated with fluorescein isothiocyanate (Isomer I, Sigma Chemicals, Poole, Dorset)-conjugated rabbit antibody to mouse-globulin. Rabbit anti-mouse globulin was prepared and conjugated with fluorescein and absorbed with homogenates of brains and liver from suckling mice as described by Nairn (I976). To determine the specificity of the test, routine controls included brains from normal and infected mice treated with mouse ascites fluids with and without antibody to virus. The sections were counterstained with 0.2 % Evans blue (G. T. Gurr Ltd, High Wycombe) in PBS A for 2 min, washed in PBS A and then mounted in 5 ° % glycerol in PBS A and examined with a Leitz incident light microscope.
Cyclophosphamide was purchased as Endoxana (a dry powder) from Ward, Blenkinsop and Co. Ltd, Wembley, Middlesex, and stored at 4 °C. Each vial (IOO mg) was re-hydrated * Numbers of mice dying between 4 and 4o days after inoculation were used to calculate the medium lethal dose by the Spearman-Karber method (Dougherty, I964) . Virus inoeula in range IO to Io e p.f.U, did not kill 15-, 18-, 22-and 4o-day-old mice of either sex. The bloods of survivors killed were free of measurable neutralizing antibody to virus.
with 5 ml of sterile glass distilled water just before use and diluted in PBS A, pH 7"3, to provide the desired total dose. The drug was given in a single intraperitoneal (i.p.) injection o-i6 mg/g body weight to I6-day-old mice and 0.25 mg/g body weight to 4o-day-old mice.
RESULTS

Pathogenicity of virus in mice of various ages
Mount Elgon bat virus killed mice up to I4 days of age after intranasal (i.n.) inoculation but progressively more virus was required to do this (Table I) . At t3 to t5 days of age a rapid change occurred so that mice became totally resistant (> lO s p.f.u./LDso) to lethal infection. Thus virus in amounts of Io to lO s p.f.u, did not kill male and female mice of 15 to 4o days' age. Sera from survivors killed 4o days after inoculation did not contain measurable neutralizing activity.
Lethal infections in I to I3-day-oM mice
Mice of I, 4 to 6 and 13 days of age were given a standard dose of lO s p.f.u, intranasally. This resulted in a regular pattern of deaths, the younger sucklings being affected earlier than the older sucklings (Table 2) .
Virus was first recovered from the olfactory bulbs in mice of the three age groups, from where it spread to mid-and then hind-brain as the infection progressed; the spread was most rapid in the youngest sucklings (Fig. I a) .
No infectivity was recovered from tongue, trachea, salivary glands, lungs, heart, spleen, liver, kidney or blood from mice of the three age groups killed daily after inoculation until most of the mice in groups kept for observation were dead. However, virus grew to low titres in nasal mucosa rostral to the cribriform plate after inoculation of I and 4 to 6-dayold mice but this dearly occurred after virus had multiplied in the olfactory bulbs ( Fig. la  and b) .
Immunofluorescence microscopy was employed to further characterize the invasion of the olfactory bulbs after inoculation of 4-to 6-day-old and I3-day-old mice. Virus antigen was first detectable in the cytoplasm of mitral cells in the olfactory bulbs of two out of Time after inoculation (days)
Fig. L Virus titres in "tissues of l-to 13-day-old mice inoculated intranasally. Groups of male and female mice aged (a) I day, (b) 4 to 6 days and (c) I3 days were inoculated i.n. with io e p.f.u, and at intervals four male and four female mice in each group were killed. From each mouse a 1% (w/v) suspension of olfactory bulbs, 5% (w/v) suspension of snout and Io% (w/v) suspension of mid-brain and hind-brain were titrated for infectivity and then the corresponding tissues were pooled by sex and titrated for interferon (results shown in Table 3 ) and for virus neutralizing antibody. Blood and tissues from nasopharyngeal, and pleural and peritoneal cavities of these mice failed to yield virus. Each point represents an average of responses measured in four male and four female mice; bars denote range of responses. 0--0, Olfactory bulbs; O--©, mid-brain; I1--11, hind-brain; El-Eli nasal mucosa.
four 4-to 6-day-old mice examined on the second day after inoculation. Diffuse cytoplasmic virus antigen was present in an occasional epithelial cell in the nasal mucosa of one of four mice 3 days after inoculation when mitral neurones in the olfactory bulbs were widely infected in all the four mice examined. On the 4th day of infection, the nasal mucosa was infected in four mice examined and a widespread infection of both mitral and glomerular neurones was evident in these mice. By this time unidentified cells as far as the mid-brain were infected. Only an occasional mitral cell contained cytoplasmic virus antigen from the No infectivity was recovered from nasal mucosa (< 1'6 log p.f.u./g wet tissue), mid-brain, hind-brain, lungs (< I'3 log p.f.u./g wet tissue) and blood ( < I "3 log p.f.u./ml blood). Dilutions of 5 % (w/v) suspension of nasal mucosa + scrapings of palates and throats neutralizing 50 % of Ioo p.f.u, virus were tested; neutralization by each dilution was determined in three or four cultures of chick cells. Sera up to dilutions of i/5 failed to neutralize the virus. fifth day onwards after inoculation of 13-day-old mice while no infection was evident in nasal mucosa in daily tests.
Sera obtained daily during the entire experimental period from mice of the three age groups failed to neutralize virus up to dilutions of r/IO. There was, however, much interferon synthesized in the brain in the terminal stages of infection; interferon was first detectable in tissues where virus titre exceeded Io 5 p.f.u./g wet tissue and its concentration increased with increasing virus growth (Table 3) .
Infection in the resistant mice
Although mice older than 13 days of age were resistant to lethal infection after i.n. inoculation of IO to ~oep.f.u.,virus with a titre of zo ~ to IO 3 p.f.u, could be recovered from olfactory bulbs between 6 and I3 days after inoculation of i6-day-old mice with Io n p.f.u.; no virus was recovered from mid-brain, hind-brain, nasal mucosa, blood or lungs from these mice in daily tests for 2o days after inoculation. Transient virus infectivity in the olfactory bulbs was not recovered once there was virus neutralizing antibody in the nasal mucosa plus scrapings of palate and throat (Fig. 2) . However, no virus neutralizing antibody was detected in blood in daily tests throughout the experimental period. Similarly, no interferon activity was detected in olfactory bulbs, mid-brain, hind-brain or nasal mucosa tested daily for 2o days after inoculation. 
Interferon* titres in brain at various times after intranasal inoculation of mice aged 4 to 6 and I3 days with Io ° p.f.u.~ Time after inoculation (days)
Age ( 
Effect of cyclophosphamide on infections by Mount Elgon bat virus in the resistant mice
The foregoing findings suggested that local immune responses prevented invasion of mid-and hind-brain of the resistant mice. This was further investigated in mice immunosuppressed with cyclophosphamide (Nathanson & Cole, 197o) . The time of administration of cyclophosphamide in relation to virus challenge is important (Rager-Zisman & Allison, 1973; Bradish et al. 1975) . The optimal time for drug administration in relation to i.n. challenge with io ° p.f.u, was tested using I6-and 4o-day-old mice of both sexes. The drug was most effective in reducing the resistance of the mice to lethal infection when given 2 to 3 h after virus. Thus all I6-day-old mice died by 2I days after virus challenge and 60 to 70 % of 4o-day-old mice by 22 days (Fig. 3) . No deaths occurred when mice were given either virus or the drug alone.
Pattern of infection in resistant mice treated with cyclophosphamide
Sixteen-day-old mice that were given cyclophosphamide 2 to 3 h after i.n. challenge with lO 6 p.f.u., were killed at daily intervals for 20 days after inoculation. Infectivity and interferon activity in olfactory bulbs, mid-brain and nasal mucosa plus scrapings of palate and throat of these mice showed that deaths in the drug-treated mice were accompanied by virus invasion of mid-and hind-brain where virus grew to titres of IO v p.f.u./g wet tissue, accompanied by interferon synthesis (Fig. 4, Table 4 ). Interferon was first detected in midand hind-brain of the drug-treated mice when virus growth exceeded lO 5 p.f.u./g wet tissue.
No obvious virus growth or interferon synthesis occurred in the olfactory bulbs of the drugtreated mice but virus in titres lO 2 to lO 3 p.f.u./g wet tissue persisted throughout the experimental period. In mice not given the drug, infectivity was recovered transiently only from the olfactory bulbs but not after the appearance of virus neutralizing antibody in Elgon bat virus. The figure shows the response in females which was similar to that in males. Mice of both sexes were inoculated i.n. with xo 8 p.f.u., followed 2 to 3 h later by an i.p. injection of PBS (control, 0.2 ml/mouse) or cyclophosphamide (o.I6 mg/g body weight). In each group four male and four female mice were killed daily for the entire experimental period and from each mouse a 1% suspension of olfactory bulbs (O), 5 % (w/v) suspension of snout (V), IO % (w/v) suspension of mid-brain (I) and hind-brain (A) were titrated for infectivity. The corresponding tissues were pooled by sex to determine interferon activity (Table 4 ) and virus neutralizing antibody. No virus neutralizing antibody was detected in blood or nasal mucosa and scrapings of palates + throats of the drug-treated mice. 
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nasal mucosa plus scrapings of palate and throat IO days onwards after inoculation of the control mice. No antibody was detected at this site in the drug-treated mice tested daily until death of most of the mice kept for observation.
DISCUSSION
In mice, the brain is the target tissue for Mount Elgon bat virus, as with rabies and rabiesrelated viruses. Progressively more virus was required to kill mice up to 13 days of age but older mice were resistant to lethal infection with IO to IO 8 p.f.u, given i.n. The lethal infections in 1-to I3-day-old mice were characterized by invasion and growth in brain without measurable virus growth in major organs in nasopharyngeal, pleural and peritoneal cavities, and without viraemia at any stage of the infection. Virus growth in brain resulted in the death of mice. The only other site where virus grew was the nasal mucosa after inoculation of I-tO 6-day-old mice but not in older mice in which olfactory bulbs and brain were nevertheless invaded. It was clear however, both by infectivity assays and immunofluorescence microscopy, that the mucosal infection occurred after the virus had reached and multiplied in the olfactory bulbs. The findings suggested (I) that virus given intranasally invaded olfactory bulbs via the olfactory nerve route and not ~mply via the continuity and contiguity of tissues in the nasal region as in other experimental situations in mice (Johnson, 1964; Johnson & Mims, 1968) and (2) that prior virus growth in nasal mucosa was not a necessary first stage for the invasion of olfactory nerve (Nir et al. I965) . One or more of the mechanisms suggested by Murphy (1977) for rabies virus may be used by Mount Elgon bat virus to traverse the olfactory nerve.
An interesting feature of infection in mice of the three age groups was the fact that the olfactory bulbs in the older sucklings supported over 3 logs less virus growth compared to younger sucklings; a clear but less marked reduction in virus growth also occurred in the mid-and hind-brains in the older sucklings compared to the younger sucklings.
In the resistant I6-day-old mice virus with a titre of lO s to lO 3 p.f.u./g wet tissue was recovered only from olfactory bulbs from about 6 to I3 days after inoculation but no invasion of mid-brain and hind-brain occurred in these mice which remained healthy. The disappearance of infectivity from the olfactory bulbs coincided with the appearance of virus neutralizing antibody in the nasopharynx but no circulating antibody was detected in the mice in daily tests for 20 days after inoculation. Similarly no interferon was detected in nasal mucosa, olfactory bulbs, mid-brain and hind-brain of the resistant mice. The findings suggested that the local immune response prevented virus spread from olfactory bulbs to mid-brain in the resistant mice thus preventing a fatal disease. Further evidence for this came from experiments with the resistant mice immunosuppressed with cyclophosphamide. Thus, cyclophosphamide given 2 to 3 h after virus challenge caused virus-specific deaths of all the I6-day-old mice and 60 to 70 % of the 4o-day-old mice. The deaths of the immunosuppressed mice were associated with invasion of mid-and hind-brain where virus grew to titre of Io 7 p.f.u./g wet tissue accompanied by interferon synthesis. In olfactory bulbs, the effect of immunosuppression was persistence of virus for the entire experimental period without obvious virus growth. Immunosuppression by cyclophosphamide is short lived (Nathanson & Cole, I97O) but in the present experiments it seemed to be effective for the entire experimental period since no virus neutralizing antibody was detected in blood or locally in the nasopharynx in daily tests until all the mice were dead.
Interferon in the present experiments was without an obvious defensive role and its synthesis merely reflected the extent of virus growth. Whether Mount Elgon bat virus is sensitive to interferon action is not known. Rabies virus can induce and is sensitive to interferon and in some experimental situations interferon afforded significant protection against established virus infection (Stewart & Sulkin, I966; Fenje & Postic, 197o; Sulkin & 
